The National Weather Service (NWS) h a s d e v e l o p e d a h u r r i c a n e s t o r m s u r g e model c a l l e d SLOSH ( S e a ,
p u t e h u r r i c a n e s t o r m s u r g e s , g i v e n s t o r m d a t a as input. The numerical model incorporates a dynamic coastline, overland flooding, and sub-grid feat u r e s s u c h a s b a r r i e r s , c u t s b e t w e e n b a r r i e r s , and one-dimensional flow along channels of varying width. The
SLOSH model h a s b e e n a p p l i e d t o most of t h e U n i t e d S t a t e s '
Gulf of M e x i c o a n d A t l a n t i c c o a s t l i n e s v u l n e r a b l e t o h u r r i c a n e s . A d e s c r i p t i o n o f t h e m o d e l ' s u s e a n d l i m i t a t i o n s f o r h u r r i c a n e s t o r m s u r g e f o r e c a s t i n g i s p r es e n t e d .
S o m e s p e c i f i c e x a m p l e s of t h e u s e of SLOSH a r e d r a w n f r o m H u r r i c a n e E l e n a , 1 9 8 5 .
I n a d d i t i o n t o
SLOSH'S u s e f o r r e a l -t i m e s u r g e f o r e c a s t i n g , SLOSH is u s e d e x t e n s i v e l y i n h u r r icane evacuation planning. The model i s r u n w i t h s e v e r a l h u n d r e d h y p o t h e t i c a l h u r r i c a n e s , s e l e c t e d a c c o r d i n g t o a n a r e a ' s c l i m a t o l o g y .
T
h e m o d e l g e n e r a t e s t h e f l o o d i n g e x p e c t e d f o r e a c h s t o r m .
Combining t h e s e f l o o d i n g p a t t e r n s h e l p s t o d e t e rmine a n a r e a ' s v u l n e r a b i l i t y t o h u r r i c a n e s .
Also, model-generated winds assist p l a n n e r s
i n d e t e rmining when e v a c u a t i o n r o u t e s may b e s h u t d o w n d u e t o h i g h wind. S t a t e a n d l o c a l a g e n c i e s i n t eg r a t e t h i s i n f o r m a t i o n w i t h p o p u l a t i o n s t u d i e s and road capacity estimates to develop
a comprehensive evacuation plan. One outcome of s u c h a p l a n i s t h e " e v a c u a t i o n t i m e " --t h e l e a d t i m e n e e d e d f o r a s a f e e v a c u a t i o n of a c o a s t a l a r e a f r o m a n i m p e n d i n g h u r r i c a n e .
INTRODUCTION
S t o r m s u r g e --t h e s i g n i f i c a n t i n c r e a s e i n w a t e r l e v e l c a u s e d d i r e c t l y b y a s t o r m --p o s e s t h e m o s t s e r i o u s t h r e a t t o life a l o n g t h e c o a s t f r o m a h u rricane. Looking back over past events, the hurricane of 1900 t h a t h i t G a l v e s t o n , T e x a s r e s u l t e d i n b e t w e e n 5000 a n d 6000 d e a t h s . T h i s s t o r m r a n k s as t h e most devastating weather-related dis a s t e r f o r t h e U n i t e d S t a t e s . G a l v e s t o n I s l a n d w a s completely overtopped by t h e s u r g e g e n e r a t e d b y t h i s g r e a t h u r r i c a n e .
Most of t h e d e a t h s r es u l t e d f r o m d r o w n i n g ; v i r t u a l l y e v e r y b u i l d i n g o n t h e i s l a n d was d e s t r o y e d .
More r e c e n t l y , h u r r i c a n e Camille i n 1969 d e v a s t a te d t h e G u l f C o a s t i n t h e G u l f p o r t , Miss. a r e a with a p e a k s u r g e m e a s u r i n g 24 f e e t ! T h i s s e ct i o n of c o a s t l i n e w a s t h r e a t e n e d a g a i n i n 1 9 8 5 b y h u r r i c a n e Elena. However, t h e r e g i o n was s p a r e d f r o m h i g h s u r g e s b e c a u s e of a f o r t u i t o u s t r a c k . Had E l e n a t r a v e l l e d f u r t h e r s o u t h a The NWS h a s l o n g r e c o g n i z e d t h e t h r e a t of s t o r m s u r g e s a l o n g o u r c o a s t s , e s p e c i a l l y i n l i g h t o f today's extensive coastal development.
Two numerical models have been developed i n t h e NWS's a tt e m p t s t o f o r e c a s t s u r g e h e i g h t s f o r a n i m p e n d i n g h u r r i c a n e . F i r s t c a m e t h e SPLASH model, which s t a n d s f o r S p e c i a l P r o g r a m t o Gist t h e A m p l i t u d e of S u r g e s f r o m H u r r i c a n e s . T h i s m o d e l c o m p u t e s s u r g e s u p t o a n d i n c l u d i n g c o a s t l i n e s , u n b r o k e n by bays or estuaries. A more s o p h i s t i c a t e d mode l , SLOSH--for s e a , L a k e , a n d O v e r l a n d S u r g e s from gurricanes--extended the treatment of s u r g e s t o i n c l u d e f l o o d i n g o v e r i n l a n d w a t e r b o d i e s , a s w e l l as overland flooding.
In a d d i t i o n , t h e mode l t r e a t s , i n a s i m p l e f a s h i o n , a d v e r s e f l o w u p rivers. For most a r e a s of t h e Gulf of Mexico and A t l a n t i c c o a s t s , t h e SLOSH m o d e l h a s r e p l a c e d SPLASH f o r a l l e s t i m a t e s of h u r r i c a n e s t o r m s u r g e .
2.
The SLOSH model is two-dimensional i n s p a c e , c o ve r i n g t h e c o n t i n e n t a l s h e l f , i n l a n d water b o d i e s , a n d t e r r a i n . T h e e q u a t i o n s of f l u i d m o t i o n a r e s o l v e d n u m e r i c a l l y , i n c o r p o r a t i n g f i n i t e a m p l it u d e e f f e c t s b u t d r o p p i n g t h e a d v e c t i v e t e r m s f r o m t h e e q u a t i o n s of m o t i o n . SLOSH u s e s a t i m e -h i s t o r y b o t t o m s t r e s s ( P l a t z m a n , 1 9 6 3 ; J e l e s n i a n s k i , 1 9 6 7 ) c o r r e c t e d f o r f i n i t e amplitude effects.
A t a n y g i v e n p o i n t , t h e comp u t e d s u r g e i s d e s i g n e d t o r e p r o d u c e t h e timeh i s t o r y of a l o n g -p e r i o d g r a v i t y w a v e --t h e o bs e r v e d stiy w a t e r s u r g e as s h o w n i n a t i d e g a g e hydrograph o r s t a g e r e c o r d . S h o r t p e r i o d phenomena, such as wind waves and t h e i r a s s o c i a t e d r u nu p , a r e i g n o r e d .
Ay of t h e SLOSH b a s i n s u s e a p o l a r g r i d w i t h t h e exception of the Lake Okeechobee basin which uses a Cartesian grid (Fig.  1 ) . T h e m a i n a d v a n t a g e of t h e p o l a r g i r d
i s t h a t r e s o l u t i o n is e n h a n c e d i n t h e area of i n t e r e s t and t h e b o u n d a r y c o n d i t i o n s a r e p u s h e d f a r f r o m t h e a r e a o f c o n c e r n .
The SLOSH model must be tailored to a g e o g r a p h i - pede the flow of w a t e r must be represented. Such b a r r i e r s i n c l u d e c o a s t a l s a n d d u n e s , n a t u r a l r i d g e s , r e e f s , l e v e e s , a n d o t h e r man made s t r u ct u r e s . C u t s b e t w e e n b a r r i e r s m u s t a l s o b e e nt e r e d t o p r o p e r l y a l l o w f o r water f l o w . I n a d d it i o n , deep,. n a r r o w c h a n n e l s a n d r i v e r s w i t h varying widths are incorporated. These geographical d a t a are e x t r a c t e d f r o m l i t e r a l l y h u n d r e d s of maps and c h a r t s . US. G e o d e t i c S u r v e y q u a d r a n g l e maps and National Ocean S u r v e y b a t h y m e t r i c c h a r t s are t h e most u s e f u l maps f o r o u r p u r p o s e s .
I mbedded within the SLOSH model is a h u r r i c a n e wind m o d e l --p e r h a p s t h e m o s t i m p o r t a n t f e a t u r e of SLOSH. Winds f o r t h e model are formed by specifyi n g & h e h u r r i c a n e ' s c e n t r a l p r e s s u r e a n d its r a d iu s af maximum wind. A wind speed profile with res p e c t t o r a d i u s f r o m t h e s t o r m ' s c e n t e r is assumed. T h e w i n d m o d e l b a l a n c e s f o r c e s s o t h a t wind, p r e s s u r e , a n d i n f l o w a n g l e a c r o s s i s o b a r s are i n b a l a n c e . C o r r e c t i o n s t o t h e w i n d s p e e d s are made f o r f o r w a r d s t o r m m o t i o n , g i v i n g t h e s t o r m a n a s y m m e t r i c c h a r a c t e r i s t i c .
H o w e v e r , n o t e t h a t wind s p e e d i t s e l f is not u s e d as i n p u t \ F i g u r e 1. The 25 currently "operational" SLOSH b a s i n s u s e d by t h e N a t i o n a l W e a t h e r S e r v i c e . A s t e r i s k s b e f o r e t h e b asin name denote basins where comprehensive evacuation studi e s a r e u n d e r w a y o r h a v e b e e n c o m p l e t e d .
I n p u t t o t h e SLOSH model is l i m i t e d t o p a r a m e t e r s t h a t c a n ( i n t h e o r y ,
a t least) b e f o r e c a s t b y a n e x p e r i e n c e d h u r r i c a n e f o r e c a s t e r . T h e f i r s t a n d most o b v i o u s i n p u t t o SLOSH i s t h e h u r r i c a n e ' s t r a c k . S i x -h o u r l y , l a t i t u d e a n d l o n g i t u d e t r a c k p o s i t i o n s m u s t b e g i v e n 4 8 h o u r s b e f o r e l a n d f a l l and 24 hours after l a n d f a l l . ( I n t h e e v e n t of a h u r r i c a n e n o t m a k i n g l a n d
"REAL-TIME" FORECASTS AND SIMULATION STUDY RUNS
SLOSH w a s designed to forecast surges produced by h u r r i c a n e i n a g i v e n b a s i n , r e g a r d l e s s o f t h e r e g i o n ' s p a s t e x p e r i e n c e w i t h h u r r i c a n e s . E v e n i f n o h u r r i c a n e was e v e r e x p e r i e n c e d i n a b a s i n , SLOSH c a n p r o d u c e a r e a s o n t i b l e s u r g e f o r e c a s t .
T h e r e a s o n f o r t h i s is t h a t SLOSH was n o t " t u n e d " f o r a n y g i v e n s t o r m i n a basin. Instead, generali z e d f o r m u l a t i o n s a p p l i c a b l e t o a l l b a s i n s a r e u s e d f o r s u c h v a r i a b l e s as t h e s u r f a c e d r a g c o e ff i c i e n t . SLOSH, and i t s wind model, h a s b e e n a pp l i e d t o many d i f f e r e n t h u r r i c a n e s a l o n g t h e G u l f a n d A t l a n t
i c c o a s t s . A l t h o u g h t h e m o d e l w i n d s d o n ' t m a t c h p u b l i s h e d o r s o -c a l l e d o b s e r v e d winds, t h e s a l i e n t c h a r a c t e r i s t i c s a r e r e t a i n e d .
I n e a c h SLOSH b a s i n , m o d e l s i m u l a t i o n r u n s a r e made w i t h h i s t o r i c a l h u r r i c a n e s w h e n s u f f i c i e n t m e t e o r o l o g i c a l a n d s u r g e d a t a c a n b e o b t a i n e d . The " b e s t f i t " t r a c k , i n t e n s i t y a n d r a d i u s of maximum wind are determined by a c a r e f u l a n a l y s i s of t h e m e t e o r o l o g i c a l d a t a a n d t h e n i n p u t i n t o SLOSH. Generally, only one or two historical hurr i c a n e s
w i t h s u f f i c i e n t d a t a e x i s t i n t h i s t y p e of m o d e l v e r i f i c a t i o n .
To g e t a n o v e r a l l e s t imate of t h e SLOSH model's accuracy, computed values of s u r g e and measured surges are compared f o r many h i s t o r i c a l s t o r m s a n d m a n y b a s i n s . When t h i s is done, SLOSH'S computed surges have an err o r of r o u g h l y +20% ( J a r v i n e n a n d L a w r e n c e , 1985). Keep i n m i n d t h a t t h i s e r r o r i s f o r known, after t h e e v e n t , h u r r i c a n e s w h e n m e t e o r ol o g i c a l d a t a a r e " q u a s i -a c c u r a t e " .
The most c r i t i c a l i n p u t t o t h e SLOSH model i s t h e h u r r i c a n e ' s t r a c k . I f , a s i n t h e
case of h u r r ic a n e E l e n a , t h e l a n d f a l l i s f o r e c a s t t o o c c u r a t C e d a r K e y , F l a . b u t a c t u a l l y o c c u r s a t B i l o x i , Miss., SLOSH s u r g e f o r e c a s t s w i l l b e t o t a l l y i n c o r r e c t .
C u r r e n t NWS f o r e c a s t s of h u r r i c a n e p o s i t i o n h a v e a n a v e r a g e e r r o r of 2 1 0 0 miles f o r a 2 4 -h f o r ecast. W i t h s u c h i n a c c u r a c y i n h u r r i c a n e l a n df a l l , f o r e c a s t e r s s h o u l d n o t b a s e t h e i r f o r e c a s t s of s u r g e s f r o m a s i n g l e SLOSH r u n . I n s t e a d , s e veral r u n s s h o u l d b e e x a m i n e d t o g e t a n o v e r v i e w of t h e p o t e n t i a l s u r g e f l o o d i n g f r o m a t h r e a t e ni n g h u r r i c a n e .
An overview of the possible flooding from a g i v e n h u r r i c a n e c a n b e e s t i m a t e d long b e f o r e a h u r r icane threatens. The NWS has developed a methodology f o r making these estimates.
SLOSH i s r u n f o r a great number of hypothetical hurricanes--approximately 300 i n some s t u d i e s --w h i c h v a r y i n i n t e ns i t y , s i z e , f o r w a r d s p e e d a n d t r a c k .
C l i m a t o l o g y is f i r s t s t u d i e d t o d e t e r m i n e t h e most l i k e l y c o nd i t i o n s .
An e x a m p l e i s t h e N e w O r l e a n s a r e a , where a family of p a r a l l e l t r a c k s w a s c h o s e n f r o m h u r r i c a n e F o r e a c h t r a c k a n d s p e e d c o m b i n a t i o n , h u r r i c a n e s f o r e a c h of t h e f i v e S a f f i r -S i m p s o n c a t e g o r i e s ( 1 t o 5 ) w e r e r u n . I n o t h e r b a s i n s , d i f f e r e n t s e t s of h u r r i c a n e c h a r a c t e r i s t i c s a r e u s e d .
The amount of data produced by such runs is overwhelming. To c o n d e n s e t h e d a t a i n t o a m o r e u s ef u l form for NWS f o r e c a s t e r s , s e l e c t i v e composi t e s of v a r i o u s r u n s a r e m a d e . T h e m o s t u s e f u l combination of s t o r m s l u m p s t o g e t h e r
a f a m i l y of p a r a l l e l t r a c k s t o r m s , all of t h e s a m e c a t e g o r y a n d s p e e d a l o n g t h e t r a c k s .
A t e a c h SLOSH g r i d s q u a r e , t h e h i g h e s t v a l u e of s u r g e f r o m t h e f a mi l y of s t o r m s i s d i s p l a y e d , g i v i n g a c o m p o s i t e c a l l e d t h e Maximum E n v e l o p e o f W a t e r s , o r MEOW. Since a f o r e c a s t e r c a n ' t b e c e r t a i n of a h u r r ic a n e ' s l a n d f a l l , w e s u g g e s t t h a t h e e x a m i n e t h e a p p r o p r i a t e MEOW t o e s t i m a t e t h e p o t e n t i a l s u r g e . T h i s e l i m i n a t e s t h e p o s s i b i l i t y t h a t a c r i t i c a l p a t h w i l l be missed i n which extreme valu e s of s u r g e c o u l d b e g e n e r a t e d , s u c h a s c r i t i c a l p a t h s f o r l o n g , n a r r o w w a t e r w a y s . H u r r i c a n e s t r a v e l i n g o v e r o r t o t h e r i g h t of a w a t e r w a y ' s a x i s ( o b s e r v e r at s e a , f a c i n g l a n d ) w i l l p r o d u c e little surge. However, f o r a h u r r i c a n e w h i c h i s t o t h e l e f t of t h i s a r e a r o u g h l y at a d i s t a n c e o f t h e r a d i u s of maximum w i n d , e x t r e m e v a l u e s of s u r g e c a n b e g e n e r a t e d .
T h e SLOSH u s e r m u s t k e e p i n m i n d t h a t o n l y a small p o r t i o n of t h e c o a s t l i n e w i l l e x p e r i e n c e the high flooding associated with a MEOW. F o r a h u r r i c a n e l a n d f a l l n o r m a l t o a c o a s t l i n e w h i c h i s n o t b r o k e n b y b a y s o r e s t u a r i e s , t h e h i g h e s t flooding wiLl b e e x p e r i e n c e d t o t h e r i g h t of t h e h u r r i c a n e ' s t r a c k a t t h e d i s t a n c e of t h e r a d i u s of maximum wind as shown i n F i g .
2.
A more de- 
S t o r m s u r g e l o c a t i o n r e l a t i v e t o
a h u r r i c a n e ' s t r a c k f o r t h e s p e c i a l case of a h u r r i c a n e making l a n d f a l l n o r m a l t o t h e c o a s t . T h e maximum s u r g e h e i g h t is e x p e r i e n c e d a t r o u g h l y t h e r a d i u s of maximum w i n d t o t h e r i g h t of t h e l a n d f a l l p o i n t . G e n e r a l l y , t h e t i m i n g of t h e h i g h e s t c o a s t a l s u r g e c o r r e s p o n d s r o u g h l y t o t h e t i m e of l a n dfall. For a b a y o r e s t u a r y , t h e time of the maximum s u r g e may v a r y c o n s i d e r a b l y f r o m t h e t i m e of l a n d f a l l o n t h e o p e n c o a s t .
When a h u r r i c a n e t h r e a t e n s t h e E a s t C o a s t , t i d e s can s i g n i f i c a n t l y c h a n g e t h e f l o o d i n g . I n s o m e c o a s t a l a r e a s , a t i d a l r a n g e of s i x f e e t o r m o r e is common. F o r s u c h a r e a s , it w o u l d b e i d e a l t o f o r e c a s t t h e time of h u r r i c a n e l a n d f a l l a n d u s e superposition of t h e s u r g e a n d t i d e ( o r c o m p u t e t h e t i d e a n d its i n t e r a c t i o n w i t h t h e s u r g e ) f o r a n e s t i m a t e of t h e f l o o d i n g . H o w e v e r , j u s t a s t h e e r r o r i n l a n d f a l l l o c a t i o n p r e s e n t s p r o b l e m s , s o d o e s t h e t i m i n g of l a n d f a l l . T h e a v e r a g e l a n d f a l l e r r o r f o r a 24-h f o r e c a s t i s a p p r o x imately 100 miles. T h i s e r r o r c a n b e i n t e r p r e t e d as a n a v e r a g e l a n d f a l l t i m e e r r o r o f a b o u t 6 hours, which is r o u g h l y t h e time b e t w e e n h i g h a n d l o w t i d e f o r m o s t l o c a t i o n s ! T h u s , w e c a n ' t r e a l i s t i c a l l y f o r e c a s t w h e t h e r or n o t a h u r r i c a n e w i l l make l a n d f a l l a t h i g h o r l o w t i d e . M o s t f o r e c a s t e r s w i l l w i s h t o e x a m i n e t h e w o r s t p o s s i b l e s c e n a r i o --l a n d f a l l a t h i g h t i d e l e v e l s .
. E V A C U A T I O N STUDIES
The Federal Emergency Management Agency (FEMA) and t h e U. S . Army Corps of E n g i n e e r s h a v e j o i n e d w i t h t h e NWS in c o n d u c t i n g h u r r i c a n e s i m u l a t i o n s t u d i e s along U. S. coasts. Several hundred hypot h e t i c a l h u r r i c a n e s f o r e a c h b a s i n r e p r e s e n t i n g a l o c a l a r e a a r e s i m u l a t e d w i t h S L O S B , a n d t h e surge flooding is noted. MEOWS are formed from a logical combination of t h i s o u t p u t .
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5. SLOSH COMPUTATIONS DURING HURRICANE ELENA, 1 9 85 L e t u s i l l u s t r a t e s o m e of SLOSH'S u t i l i t y a n d some problems surrounding i t s u s e b y e x a m i n i n g f o r e c a s t s made for hurricane Elena. T h i s i n t e n s e h u r r i c a n e t h r e a t e n e d much of t h e Gulf c o a s t d u ri n g i t s l i f e t i m e of A u g u s t 29 t o S e p t e m b e r 3, 1985. D u r i n g H u r r i c a n e E l e n a ' s e a r l i e s t p h a s e , 
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F i g u r e 5. T i d e g a g e t r a c e f o r G u l f p o r t , Miss-d u r i n g h u r r i c a n e E l e n a . T h e g a g e went from a low of -5.6 f t . t o +5.4 f e e t v e r y r a p i d l y a s t h e w i n d s s h i f t e d a t G u l f p o r t . Gage v a l u e s a r e g i v e n i n f e e t a b o v e N a t i o n a l G e o d e t i c V e r t i c a l D a t u m (NGVD).
